Epstein-Barr virus nuclear antigen 2 (EBNA2) regulation of transcription through the cell transcription factor RBPJ is essential for resting B-lymphocyte (RBL) conversion to immortal lymphoblast cell lines (LCLs). ChIP-seq of EBNA2 and RBPJ sites in LCL DNA found EBNA2 at 5,151 and RBPJ at 10,529 sites. EBNA2 sites were enriched for RBPJ (78%), early B-cell factor (EBF, 39%), RUNX (43%), ETS (39%), NFκB (22%), and PU.1 (22%) motifs. These motif associations were confirmed by LCL RBPJ ChIP-seq finding 72% RBPJ occupancy and Encyclopedia Of DNA Elements LCL ChIP-seq finding EBF, NFκB RELA, and PU.1 at 54%, 31%, and 17% of EBNA2 sites. EBNA2 and RBPJ were predominantly at intergene and intron sites and only 14% at promoter sites. K-means clustering of EBNA2 site transcription factors identified RELA-ETS, EBF-RUNX, EBF, ETS, RBPJ, and repressive RUNX clusters, which ranked from highest to lowest in H3K4me1 signals and nucleosome depletion, indicative of active chromatin. Surprisingly, although quantitatively less, the same genome sites in RBLs exhibited similar high-level H3K4me1 signals and nucleosome depletion. The EBV genome also had an LMP1 promoter EBF site, which proved critical for EBNA2 activation. LCL HiC data mapped intergenic EBNA2 sites to EBNA2 upregulated genes. FISH and chromatin conformation capture linked EBNA2/RBPJ enhancers 428 kb 5′ of MYC to MYC. These data indicate that EBNA2 evolved to target RBL H3K4me1 modified, nucleosome-depleted, nonpromoter sites to drive B-lymphocyte proliferation in primary human infection. The primed RBL program likely supports antigen-induced proliferation.
pstein Barr virus (EBV) infection is highly prevalent in all human populations. EBV is also an important cause of endemic Burkitt Lymphoma (1), Hodgkin Lymphoma (2) , and lymphoproliferative disorders in immune-suppressed (3) and HIV-infected people (4) . In early primary human infection, EBV infects peripheral resting B lymphocytes (RBLs) and expresses six nuclear (Epstein-Barr virus nuclear antigen, EBNA) and two integral membrane (LMP) proteins. EBNAs and LMPs convert RBLs into proliferating lymphoblastoid cells (LCLs), which are malignant in the absence of effective T-cell responses. Because EBNAs and LMPs include >4,000 amino acids, T-cell immune responses normally eliminate most EBV-infected cells. Lymphocytes with down-regulated EBV protein expression persist in tonsils and lymph nodes and are reservoirs for reactivated EBV infection (4) . EBV conversion of RBLs into LCLs in vitro (5) is a relevant and experimentally useful model for EBV proliferative effects in B-lymphocytes.
In converting RBLs to LCLs, EBNA2 and EBNALP are expressed first. EBNA2 up-regulates EBV and cell gene expression, including EBV LMP1 and cell MYC, CD23, and CD21 (6-9). EBNA2 associates with DNA through RBPJ, which also mediates Notch binding to DNA (10, 11) . The B-lymphocyte and macrophage lineage ETS protein, PU.1, is also important in EBNA2 activation of the EBV LMP1 promoter (12, 13) . The EBNA2 C-terminal acidic domain recruits basal and activating transcription factors (TFs), including p300/CBP and PCAF Histone acetyl transferases (14) (15) (16) . EBNA2 transactivation of MYC causes continuous B-cell proliferation. EBNA2 transactivation of EBV LMP1 results in NFκB and MAP kinase activations, which up-regulate prosurvival BCL2 family gene expression (17, 18) . Overall, EBV conversion of RBLs to LCLs mimics antigen-induced RBL clonal expansion in lymph node germinal centers, where antigen binding to surface Ig (sIg) induces MYC-mediated proliferation (19) and T cell-expressed CD40 ligand activates Blymphocyte CD40 receptors to up-regulate NFκB, MAP kinases, and antiapoptotic BCL2 family protein expression (20) .
A major problem in understanding the mechanisms through which EBNA2 and RBPJ regulate gene expression is the finding that an RBPJ binding motif (G)TGGGAA(A) near a promoter is a poor predictor of EBNA2 dependence (21) . EBNA2 and RBPJ ChIP deep-sequencing (ChIP-seq) and bioinformatic analyses (22, 23) were therefore undertaken to identify and characterize EBNA2 and RBPJ binding sites, genome-wide, in LCLs.
Results
EBNA2 and RBPJ Binding Sites in LCLs. Independent, duplicate largescale, EBNA2 and RBPJ ChIPs were deep-sequenced and 10 7 EBNA2 or RBPJ DNA reads were mapped to the human genome (hg.18) with 36% to 54% efficiency. After normalization for input DNA, QUEST (24) identified 5,151 EBNA2 and 10,529 RBPJ sites, with bidirectional sequence reads and a false-discovery rate (FDR) < 0.01 (Fig. S1A ). EBNA2 and RBPJ, sites were similarly distributed relative to annotated genes. Only 14% of EBNA2 and 13% of RBPJ sites were at promoters, defined as ±2 kb of a transcription start site (TSS). Instead, EBNA2 and RBPJ were 86% to 87% at more distal sites, of which 42% to 43% were intergene sites, 8% to 9% UTR, 34% to 35% introns, and 1% exons (Fig. S1A) . Overall, 72% (3,710) of EBNA2 sites were within 100 b of a significant RBPJ site (hereafter, EBNA2/RBPJ site) (Fig. S1B) . The 1,441 EBNA2 sites lacking significant RBPJ signal are hereafter EBNA2-only sites and the 6,819 RBPJ sites lacking EBNA2 are RBPJ-only sites. The finding of 1,441 EBNA2 sites without significant RBPJ signal may be a result of RBPJ being occluded from antibody recognition, less stable RBPJ DNA association, or EBNA2 tethering to DNA by another transcription factor.
RBPJ at EBNA2/RBPJ Sites Is More Highly DNA-Associated. On average, at nonpromoter, putative enhancer EBNA2/RBPJ sites, RBPJ had 34 DNA reads per kilobase per million aligned reads (hereafter, signals) versus 10 signals per RBPJ-only site; the difference was highly significant (P < 10 −10 ) (Fig. S2) . Similarly, albeit to a lesser extent, at promoter sites, EBNA2/RBPJ sites had 24 signals versus 11 signals for RBPJ-only sites (P < 10 −10 ) (Fig. S2) . Overall, EBNA2/RBPJ had more RBPJ signals than RBPJ-only sites genome-wide, consistent with the previous finding that EBNA2 significantly increased RBPJ association with a limited number of enhancer or promoter DNA sites (25) . Motifs. Analysis of a 500-bp window around EBNA2 sites for Transfac database motif enrichment identified significant (P < 10 −100 ) enrichment not only for RBPJ (78%), but also for ETS (39%), EBF (39%), RUNX (43%), PU.1 (22%), and NFκB (22%) motifs, over a control set of sequences with similar GC content. These data are consistent with EBF, RELA, and PU.1 having significant affects on EBNA2 or RBPJ binding and transcription regulation. (Fig. 1A and Table S1 ).
To evaluate the extent to which EBNA2-associated TF site predictions correlate with TF occupancy, we used our RBPJ and ENCODE (Encyclopedia Of DNA Elements) ChIP-seq GM12878 LCL EBF, NFκB subunit RELA, and PU.1 data (26) to evaluate RBPJ, EBF, PU.1, and RELA occupancy at EBNA2 sites. EBF mapped to 27,552, RelA to 24,796, and PU.1 to 24,343 LCL sites. EBNA2 sites were 54% within 100 bp of an EBF site, 31% of a RELA site, and 17% of a PU.1 site (Fig.1B) . Overall, the EBNA2-associated TF motif analysis correlated surprisingly well with TF presence by ChIP-Seq. For EBNA2 sites, RBPJ was predicted at 78% and detected at 72%. EBF was predicted at 39% and detected at 54%. PU.1 was predicted 22% and detected 17%. NFκB RELA was predicted at 22% and was detected at 31%. Thus, EBNA2 and RBPJ accessed sites that were or had been highly accessible to the EBNA2 associated TFs.
EBNA2/RBPJ, EBNA2-only, and RBPJ-only sites were associated with different TF complexes. EBF was strongly enriched at EBNA2/RBPJ sites (60%) compared with EBNA2-only sites (36%) or RBPJ-only sites (37%) (P < 10 −10 ). In contrast, ETS motifs were enriched at EBNA2-only sites (45%) compared with EBNA2/RBPJ or RBPJ-only sites (35%) (P < 10 −10 ). P300 sites strongly correlated with EBNA2/RBPJ and EBNA2-only sites, but were significantly less at RBPJ-only sites (P < 10 −10 ) ( Table  S2 ). The 262 EBNA2-only sites with the smallest RBPJ signals were even more enriched for ETS motifs (57%), consistent with the possibility that ETS or an ETS-associated factor may tether EBNA2 to these sites.
EBNA2
Cofactors Correlate with Distinct Chromatin Footprints. Kmeans clustering of the 5,151 EBNA2 sites for associated factors identified six clusters with distinct cofactor combinations of RBPJ, EBF, RELA, PU.1, and imputed ETS and RUNX (Fig. 1B) . EBNA2 site clusters were named by their principal cofactors. RBPJ was a major component of all clusters. One cluster was comprised of EBNA2 sites in which RBPJ was the only dominant component and is referred to as RBPJ. RELA-ETS, EBF-RUNX, EBF, ETS, RBPJ, and RUNX clusters correlated with most (Fig.  1B , Top) to least (Fig. 1B, Bottom) ENCODE LCL H3K4me1 signals within ±2 kb of EBNA2 sites (Fig. 1C, Left) . Differences in H3K4me1 signals between RELA-ETS and EBF-RUNX, EBF and ETS, ETS and RBPJ, and RBPJ and RUNX were each highly statistically significant (P < 10 −6 Mann-Whitney U test). Importantly, H3K4me1-enriched clusters, characteristic of RELA-ETS, EBF-RUNX, EBF, and ETS, had fewer H3K4me1 signals at the EBNA2 site, indicative of EBNA2 localization at nucleosomedepleted, open chromatin sites (Fig. 1C, Left) (27) .
Significant p300 signals, indicative of active transcription, also correlated with H3K4me1 signals, as noted (28, 29) . EBNA2 clusters with RelA-ETS, EBF-RUNX, EBF, ETS, RBPJ, and RUNX had 41%, 37%, 30%, 15%, 6%, and 5% of sites with significant p300 signals (Table S3 ). These correlative data further support the hypothesis that RELA-ETS, EBF-RUNX, EBF, ETS, RBPJ, and RUNX clusters rank from highest to lowest in transcription activation.
The higher H3K4me1 and p300 association of EBNA2 with EBF-RUNX versus EBF alone (Fig. 1C , Left, upper blue and green curves) and the very low H3K4me1 effect of RUNX alone (Fig. 1C , Left, lower black curve) correlate an activating-RUNX effect with EBF and a repressive-RUNX effect unassociated with EBF, at other sites. Opposing RUNX isoforms have been described in LCLs, where RUNX3 repression of RUNX1 is important for continued growth (30) .
As a complement to clustering, which detected an EBF-associated activating-RUNX effect and a repressive-RUNX effect, an additive linear model was used to correlate H3K4me1 signal levels at EBNA2 sites with the presence of EBF, RELA, PU.1, or imputed ETS or RUNX as single factors. EBF increased H3K4me1 signals 1.68-fold, RELA 1.22-fold, PU.1 1.21-fold, and imputed ETS 1.08-fold. Each effect was highly significant (P < 0.0001) (Table S4 ). RUNX as a single factor had no significant overall effect, consistent with the positive RUNX effect with EBF being similar in magnitude to the negative RUNX effect without EBF. In contrast to LCL enhancer sites where RELA-ETS, EBF-RUNX, and EBF were associated with higher H3K4me1 signals (P < 0.01) versus ETS, RBPJ, and repressive RUNX (Fig. 1C , Left), and as a single-factor EBF had the largest up-regulatory effect (Table S4) , at promoter sites, EBNA2 and RELA-ETS, ETS, and RBPJ clusters were associated with higher H3K4me3 signals and RUNX, EBF-RUNX, and RBPJ clusters were associated with higher H3K27me3 signals ( Fig.S3 A and B, and Table S3 ). Furthermore, RELA-ETS and ETS complexes were more frequently at promoter sites, 29% and 18%, than other TF complexes, which were 7% to 13% at promoter sites. Moreover, these complexes at promoters were associated not only with higher H3K4me3 and lower H3K27me3 signals, but were also associated with higher P300 and highest PolII signals. These data indicate that ETS has the largest transcriptional up-regulatory effects at promoter sites.
EBF Is Critical for EBNA2 Activation of the EBV LMP1 Promoter. EBF is essential for B-lymphocyte development and regulates gene expression from pro-B through mature B-cell stages (32) . EBF may therefore be a "pioneering" factor that regulates EBNA2 access to chromatin or effects on gene expression (33) , given the 54% colocalization of EBNA2 with EBF in LCLs, the embedding of RBPJ TGGGA(A) core motifs in a significant fraction of EBF motifs, and the similarity of H3K4me1 at EBNA2 sites in LCLs with the same sites in RBLs (Fig. 1C) . The hypothesis that EBF is a pioneer B-lymphocyte transcription factor that opens chromatin for EBNA2 and RBPJ binding was further evaluated by scanning EBNA2 ChIP-seq RBPJ binding sites through a 500-bp window around the EBNA2/ RBPJ site to identify the 8-bp DNA sequence that has the strongest in vitro affinity for RBPJ, based on a RBPJ protein binding matrix (34) . At 436 EBNA2-bound sites, high-affinity RBPJ binding sites were in an EBF motif. These data are consistent with a model in which these sites evolved to support EBF and RBPJ access, perhaps at different points in B-cell development, cell cycle, or tissue localization.
The hypothesis that EBF can be critical for EBNA2-mediated transcription was evaluated in the context of the EBV LMP1 promoter, which is EBNA2-, RBPJ-, and PU.1-dependent (12, 13, 35) . Because the LMP1 promoter RBPJ, PU.1, and EBF sites are nonoverlapping ( Fig. 2A) , independent null EBF, RBPJ, or PU.1 mutations could be readily evaluated. In BJAB lymphoma cells, EBNA2 activated the (−335 to +40) LMP1 promoter eightfold over control expression vector. A single point mutation in the PU.1 site reduced EBNA2 activation to background (Fig. 2B) . Mutation of the EBF motif abolished EBF binding and reduced EBNA2 activation from eight-to twofold (Fig. 2 B  and C) , similar to the RBPJ binding-site mutation effect (12) . These data indicate that EBF is important for LMP1 promoter activation.
EBNA2 Up-Regulated Genes Are Enriched for EBNA2 Binding >2 kbp from the TSS. EBNA2 was predominantly (86%) at nonpromoter sites (Fig. S1 ). Nonpromoter EBNA2 sites correlated with higher LCL RNA expression levels in four gene sets (Fig. S4A) . A conditional EBNA2-regulated 81 gene set had 2.4 EBNA2 sites per gene distributed within 2 to 152 kb of the TSS (Fig. S4A ) (21) . A second gene set of RNAs that are >5 up-regulated during RBL conversion to LCLs had 1.2 EBNA2 sites per gene distributed within 2 to 152 kb of the TSS (9) . Genes two-to fivefold up-regulated during RBL conversion to LCLs had 1.1 EBNA2 sites evenly split within 2 to 152 kb of the TSS. The control gene set, composed of all other genes, had 0.8 EBNA2 sites that were also evenly distributed within 2 to 152 kb of the TSS. These data indicate that EBNA2 binding to distal enhancer sites correlates with up-regulated LCL gene expression (P < 0.01).
Multiple EBNA2 Sites Have Long-Range Interactions with Promoters of the 81 EBNA2-Regulated Gene Set. Chromatin conformation capture (3C) followed by deep-sequencing (HiC) from GM06990 LCLs revealed paired-end sequences representative of both long-range genome interaction components (36) . Many LCL HiC sequences mapped with one end within ±2 kb of a nonpromoter EBNA2 site and the other end within −1 to +5 kb of the TSS of 56 EBNA2-regulated genes. Excluding EBNA2 sites <5 kb from the TSS, 3.3 different long-range interactions were detected per EBNA2-regulated gene. The EBNA2-regulated gene set was significantly enriched (corrected P < 10 EBNA2 activated the LMP1 promoter-luciferase reporter eightfold, the EBF mutant site twofold, and the PU.1 mutant site onefold in BJAB cells. Luciferase activities were normalized to cotransfected EBNA2-independent β-galactosidase activity. EBNA2 was expressed at similar levels in all experiments as shown in the EBNA2 immune blot at the bottom of B.
(C) In vitro translated EBF bound to a 32 P labeled oligonucleotide that included the EBF binding site. Binding was completed by a 500-fold excess cold wild-type oligonucleotide (w), but not by 500-fold cold mutant nucleotide (m). Protein-DNA complexes were separated by PAGE and visualized by phosphoimager.
from EBNA2 sites to the TSS, but not conditionally EBNA2-affected (Fig. 3) . Overall, 61% of the interactions were within the same chromosome and 39% were interchromosomal. For intrachromosome interactions, the median distance from EBNA2 enhancer to an affected gene was 330 kb, with 90% >150 kb. These imputed EBNA2 enhancer sites overlapped 66% with an EBF site and 30% had significant p300 signals, both significantly enriched over the 54% of EBNA2 sites that have an EBF site (corrected P < 0.01) and the 22% of EBNA2 sites with significant p300 signals (corrected P < 0.05). The >fivefold upregulated LCL RNA dataset was also enriched for interactions, with ∼2 different HiC interactions per gene (corrected P < 0.05) (Fig. 3) . Interactions of EBNA2 enhancer sites with the EBNA2 regulated or >fivefold up-regulated gene sets peaked within ±2 kb of the EBNA2 binding site. EBNA2 binding-site interactions were progressively less frequent within neighboring 4-kb windows (Fig. S4B) . As an additional control, the same procedure was applied to compute HiC interactions between RBPJ sites without EBNA2 and EBNA2-regulated genes. The number of detected interactions was significantly fewer than interactions with EBNA2 sites (corrected P < 0.01) (Fig. S4C) . These data indicate that EBNA2 enhancers are significantly enriched for distal target interactions with EBNA2 regulated or fivefold upregulated genes.
EBNA2 Up-Regulates MYC Gene Expression Through Long-Range Enhancer and Promoter Looping. Although strong PolII and H3K9ac signals were evident at the MYC promoter, consistent with known EBNA2 up-regulated MYC expression, EBNA2 and RBPJ LCL ChIP-seq failed to identify significant EBNA2 or RBPJ signals at or within 150 kb of the MYC TSS. Indeed, the nearest, abovebackground EBNA2 and RBPJ signals were at −168 to −186 kb of the MYC TSS (Fig. 4A and Fig. S5 ). These sites were associated with significant NFκB RELA, moderate-level H3K9ac and p300, and high-level H3K4me1 signals, consistent with enhancer sites. However, the strongest EBNA2 and RBPJ signals were from 11 significant EBNA2/RBPJ sites at −428 to −556 kb of the MYC TSS. These sites had high EBF, RELA, H3K4me1, and H3K9ac signals, which also coincided with high PolII and p300 signals, indicative of active enhancers (Fig. 4A and Fig. S5 ). Importantly, EBF and NFκB RELA are the principal EBNA2 enhancer associated up-regulatory TFs. EBNA2 induced-LMP1 constitutively and strongly activates NFκB RELA. Surprisingly, RBL H3K4me1 signals at the principal −428 and −556 MYC regulatory sites were very similar to LCL H3K4me1 (Fig S5A) , consistent with the supposition that RBLs are poised for MYC transcription activation and are then coordinately activated by EBNA2/RBPJ, with EBF and RELA (Fig. S5A) . Some −428-to −556-kb EBNA2/RBPJ sites also coincided with or were near CTCF signals (Fig S5B) . Strong CTCF signals were also evident at +0.2 kb, −1.9 kb, and −10 kb of the MYC TSS. CTCF may biochemically link the −428-and −556-kb sites to the MYC TSS.
To initially investigate the interaction of the −428-and −556-kb sites with MYC, FISH assays with green fluorescent Bacmid probe centered around the 428-to 556-kb enhancer site and an orange fluorescent Bacmid probe centered around MYC were used to study allele colocalization in LCLs versus RBLs. Overall, 94 of 100 LCLs and 92 of 100 RBLs had both alleles discernible. Of these, 43 LCLs and 41 RBLs had one colocalized and one separated allele. In contrast, 49 LCLs and only 1 RBL had two colocalized alleles, whereas 2 LCLs and 50 RBLs had two separated alleles (P < 0.001) (Fig. 4 B and C) . In summary, LCLs significantly differed from RBLs in LCL biallelic EBNA2 enhancer site association with MYC.
Conditional EBNA2-expressing LCLs were also used to investigate the effect of EBNA2 inactivation on EBNA2 enhancer site association with MYC. After 4 d in medium permissive (+) or nonpermissive (−) for EBNA2 expression, 96 EBNA2 (+) and 69 EBNA2 (−) LCLs were evaluated. EBNA2 (+) LCLs significantly differed from EBNA2 (−) LCLs in having 62% versus 36% single allele colocalization and in having 34% versus 63% biallele separation. These data support the hypothesis that the 428-to 556-kb upstream EBNA2 enhancer site association with MYC is EBNA2-dependent. Chromosome conformation capture (37) was used to further investigate the proximity of the −428 kb upstream EBNA2 enhancer site to MYC. After generating the 3C library, PCR was used to detect the −428-kb EBNA2 enhancer site ligated to the MYC promoter or first intron. Sequencing of the PCR product revealed the −428-kb EBNA2 enhancer linked through a Csp61 site to the MYC promoter and first intron. LCLs conditional for EBNA2 expression were used to further investigate conditional EBNA2 effects on the −428-kb EBNA2 enhancer proximity to the MYC first intron. The 3C libraries were made from EBNA2 (+) and EBNA2(−) conditional LCLs (37) . Taqman qPCR and Taqman probe for the putative EBNA2 enhancer and MYC intron Csp6I DNA fragment ligation junction were used to assess product abundance. EBNA2 (+) LCLs were 7.8-fold enriched for the −428-kb EBNA2 enhancer and MYC intron Csp6I ligation product over EBNA2 (−) LCLs (P < 0.01) (Fig. 4D ). These data further support an EBNA2-dependent role for the −428-kb enhancer in MYC regulation.
Discussion
Previous studies of the molecular genetics and pathogenesis of EBV-induced B-cell growth support a model that EBNA2 and LMP1 usurp RBL growth and survival pathways that are normally regulated by RBL B-cell receptor antigen activation and Tcell help (4) . Antigen signaling through sIg induces MYC-driven B-lymphocyte proliferation, and B-cell MHC-class II antigen presentation to germinal center CD4 + T cells induces T cell CD40-ligand expression. CD40 ligand in turn induces B-cell NFκB activation and antiapoptotic BCL2 family protein expression, which prevents MYC proliferation-induced cell death (20, 38, 39) . EBNA2/RBPJ activation of MYC and of LMP1 provide similar high level MYC and NFκB activation, enabling LCL proliferation and survival.
The investigations described here elucidate the basic mechanisms through which EBNA2, genome-wide, exploits and enhances the RBL transcription program to cause continuous Bcell proliferation. EBNA2 targeted 5,151 RBL open chromatin sites, mostly through RBPJ and EBF. EBNA2, RBPJ, and EBF sites were predominantly distal intergene or intron enhancers. Only 14% were at promoter sites. EBNA2 associated with six different RBPJ, EBF, ETS, RUNX, NFκB RELA, or PU.1 complexes. Specific TF complex compositions determined much of the EBNA2 effect on nucleosome depletion, H3K4me1 signal, and other transcription-associated effects. The key EBF, PU.1, ETS, NFκB RELA, and activating RUNX1 roles in determining EBNA2 and RBPJ B-cell transcription effects is consistent with their pioneering roles in developing and mature B-lymphocyte gene expression. Component analyses detected activating and repressive RUNX effects. RUNX1 is the likely activator because EBF, PU.1, ETS, and RUNX1 are frequently associated with active B-cell enhancers (20, 33, 40, 41) .
The most surprising finding is the extent to which EBV, and particularly EBNA2, have evolved to exploit the RBL transcription regulatory framework. Indeed, uninfected RBLs had very similar nucleosome depletion and H3K4me1 chromatin modification at sites subsequently targeted by EBNA2, including sites up-stream of MYC. The RBL sites were poised to activate gene expression in response to antigen stimulation and T-cell help. RBL nucleosome depletion was enabled by and efficiently enabled cell TF access. EBNA2 and RBPJ exploit these accessible sites, with EBNA2 further increasing nucleosome depletion, H3K4me1 signals, and target gene expression. These EBNA2 effects were clearly evident at the MYC locus, where EBNA2 moderately increased activating chromatin signals and markedly up-regulated myc RNA and protein.
Not only has EBNA2 evolved to activate transcription through RBPJ and EBF, but the EBV genome also evolved to require EBF for EBNA2 regulation of the LMP1 promoter. EBF developmentally activates PAX5 and is frequently linked to PAX5 in transcription up-regulatory effects. PAX5 was previously shown to be important for initial transcription from the Wp EBNA promoter in LCLs (42) .
We were surprised to note that RBPJ and EBF share core DNA binding sequences and that EBNA2-associated EBF sites are enriched for high affinity RBPJ sites, consistent with site evolution in response to both EBF and RBPJ, at different points in development, cell cycle, hormonal, or tissue-specific effects. Although the structure of EBF dimers on DNA appears to preclude RBPJ association with the embedded EBF motif, RBPJ occupancy with an EBF monomer might be possible (43) . Subsequent studies need to investigate the molecular basis for RBPJ and EBF sequential or concomitant occupation of these sites.
Notch also uses RBPJ to regulate MYC and cell-survival gene expression in T-cell progenitors and may have similar roles in thymic T-cell and B-cell marginal zone development (44) . Hyperactivated Notch signaling can result in T-cell lymphocytic leukemia. In contrast to EBNA2/RBPJ, which is most frequently distant from affected genes, Notch/RBPJ predominantly binds near affected-gene promoter sites. Similar to EBNA2 targeting of EBF and embedded RBPJ sites in B-cells, Notch frequently associates with ZNF143 and with RBPJ sites embedded in ZNF143 sites in T-cell lymphocytic leukemia cells. However, Notch, RBPJ, and ZNF143 sites were much less associated with activating chromatin marks than EBNA2, RBPJ, and EBF sites, potentially consistent with a role for ZNF143 in distracting or modulating Notch effects. Although EBNA2/RBPJ localized with EBF and RELA to sites 100, 428, and 556 kb up-stream of MYC in LCLs, the strongest Notch/RBPJ site in T-cell lymphocytic leukemia cells was even further up-stream of MYC (45) . Of interest in terms of the fundamental mechanism for EBNA2/ RBPJ or Notch/RBPJ association with MYC, the 428-and 556-kb MYC promoter sites have nearby CTCF binding sites that could enable chromatin looping and upstream site association with the MYC promoter (46) . Long-range enhancer MYC regulation is a characteristic of human colon, prostate, and breast cancer (47) .
Interestingly, 31% of LCL EBNA2 sites had significant RELA binding, including the MYC enhancer sites. The role of LMP1 up-regulated RELA in coregulating MYC expression with EBNA2 requires further study. LMP1 activation of canonical and noncanonical NFκB is critical for LCL survival (48, 49) . The data presented here indicate that EBNA2 and NFκB RELA have many other targets in common. EBNA2 and LMP1 gene coregulation creates opportunities to investigate the extent to which these transcriptional effects are EBNA2-and LMP1-dependent. Inhibitors of either pathway may have dominant or synthetic lethal effects on LCL growth or survival.
Materials and Methods
ChIP Assays and Sequencing. IB4 LCL cells were cross-linked with formaldehyde and sonicated. Rabbit EBNA2 or RBPJ antibodies were used to immune precipitate EBNA2 or RBPJ with associated DNA. DNA was purified using a PCR purification column (Qiagen). ChIP-seq DNA libraries were prepared and sequenced, using Genome Analyzer II (Illumina). Reads were mapped to human genome hg18 (National Center for Biotechnology Information, build 36), allowing two mismatches for the first 32 bp.
ChIP-seq Peak Calling, Motif Searching, and K-Means Clustering. Chip-Seq data and corresponding input control data were processed for Peak significance using QUEST (24) and criteria of >threefold enrichment over input and FDR < 0.01. Binding signals were normalized to reads per kilobase per million mapped reads. HOMER (http://biowhat.ucsd.edu/homer/chipseq/index.html) was used to scan a ± 250-bp region around each binding peak for TF motifs. TF enrichment was assessed using random genome sequences with similar DNA base composition as controls. K-means clustering of all TF binding sites was used to identify clusters.
Fluorescent in Situ Hybridization. LCL and RBL cells were fixed and hybridized with SpectrumGreen (Abbott Molecular)-labeled BACmid RP11-25204 for the MYC enhancer region and Vysis Bacmid LSI MYC (8q24.12-q24.13) Spectrum Orange Probe (Abbott Molecular) for MYC. Nuclei were stained with DAPI.
Chromosome Conformation Capture and qPCR. The 3C assays were as previously described (37) . Purified library DNA was quantitated by Taqman qPCR, with fold-changes calculated using the ΔΔCt method.
Detailed materials and methods are available SI Materials and Methods.
